Introduction

42
Fungicides are used in agricultural production to reduce losses due to fungal 43 disease. Unfortunately, some fungicide components are transported into freshwater 44 systems, causing sub-lethal effects on ecosystem processes, including fish reproduction 45 and leaf decomposition (Elskus, 2012) . Therefore, for both economic and ecologic 46 reasons, it is desirable to reduce the amount of fungicides applied to crops, while (Aylor, 1999) . Therefore, an understanding of 52 spore aerial transport is essential to the development of IPM strategies (Aylor and Irwin, 53 1999). For example, by correctly forecasting low soybean rust inoculum production and 54 transport, the Integrated Aerobiology Monitoring System (IAMS) saved US soybean canopy density. The likelihood of particle escape also depends on the particle's size 87 and density, which dictate its settling velocity, ! (Aylor, 1990 , Aylor, 1999 . diffusion, described by a turbulent diffusion coefficient ! (Legg and Powell, 1979, Aylor, 106 1982, Aylor, 1990 , Aylor and Taylor, 1983 , Denmead and Bradley, 1987 . Because 107 spores are released over hours, which is long compared to the duration of individual 108 sweeps and ejections (6 to 10 s, Denmead and Bradley, 1987, Chamecki, 2013) , an 109 uncorrelated model should reasonably represent the time-averaged escape behavior.
110
Previous work has estimated eddy diffusivity from a canopy heat balance, or by using 111 second-order turbulence statistics to represent the time-mean eddy diffusivity,
, with ! a universal constant and the 113 rate of turbulence dissipation (Durbin, 1983, Legg and Powell, 1979, Wilson and 114 Sawford, 1996). However, these approaches require detailed, canopy-specific 115 measurements of turbulence statistics. In the proposed RDM, the velocity and eddy 116 diffusivity profiles within and above a canopy were constructed from existing equations 117 for a neutral boundary layer using a simple set of parameters [canopy height, canopy 118 density, vegetation length scale, and wind speed]. The RDM performance was 119 evaluated through a comparison to measured field data. After validation, the RDM was 120 used to explore the trends in escape fraction over a range of canopy densities
121
( ! ! ℎ = 0.1 to 7), a range of settling velocities ! * (0 to 1), and as a function of 122 particle source height, !"# ℎ (0 to 1, subscript 'src' denotes 'source'). The longitudinal direction is , the vertical direction is , with = 0 at the ground, the canopy 126 height is ℎ, and the time-averaged longitudinal velocity is ( ). 127 128 129
Methods
130
The RDM simulated a 2D domain (Figure 1) 
144
In each constant time-step (∆t) the position of the particle ( ! , ! ) advanced 145 longitudinally with the mean velocity and vertically due to both settling ( ! ) and 146 turbulent transport ( ! ). The equations used to model the particle position were (Wilson 147 and Sawford, 1996):
150
The last term in (2) represents transport by turbulent velocity 
164
Within each time-step, after a particle was moved, the position was assessed to fraction of the released particles observed above the canopy.
177
Canopy deposition was described using a modified version of the model given in than or equal to the probability of deposition, the particle deposited to the canopy. First, the profile for the mean longitudinal velocity is described. Above a dense 225 canopy, there is a displaced boundary-layer profile:
in which = 0.4 is the von Kármán constant (Raupach, 1994 , Thom, 1971 
230
(2008), the displacement height ! and roughness height ! can be described in terms
The velocity inside the canopy follows an exponential decay, e.g. 
in which ! is the velocity at the top of the canopy, and ! is the velocity in the lower 238 canopy (wake zone), below the penetration of vertical turbulent momentum flux. The 239 ratio ! ! decreases with increasing canopy density, and the following relation was 240 determined by fitting data from terrestrial canopies reported in Figure 1 and Table 1 in   241 Finnigan (2000):
243
Given * , equations (7) to (9) predict the velocity at the top of the canopy, ! = ℎ .
244
Specifically, ! / * = 2.7 for all values of ! , which is consistent with observations made 245 across a wide range of dense aquatic and terrestrial canopies (Ghisalberti, 2009 
in which the scale coefficients (1.1 and 4.5) were determined in laboratory experiments 266 (Tanino and Nepf, 2008) .
267
In the upper canopy (ℎ − ! < < ℎ), the flow resembles a mixing layer (Raupach et 268 al., 1996) , within which the eddy diffusivity follows a mixing length model (e.g. Poggi et
271 with effective eddy length-scale !"" . The turbulent Schmidt number, , was assumed 272 to be equal to 0.5, as in a mixing layer (Raupach et al.,1996) . This is consistent with increasing with atmospheric stability and dependent on scalar species (Wilson, 2013) .
277
Using ! * = 2.7 (determined above), the velocity-decay length-scale in (10) is of the mixing-layer ( !" ) and boundary-layer ( !" ) length scales:
288
The relative contribution of the mixing layer length scale ( ) is a function of ! ! ℎ. approaches zero, (17) implies that !" is unbounded, which is not physically reasonable.
297
To correct this, !" is constrained to be the minimum of eq. (17) and h. Finally, above
298
= ℎ + ! , the eddy diffusivity follows the boundary-layer form,
300 with = 0.8 for a boundary layer (Launder, 1976 , Hassid, 1983 , Koeltzch, 2000 . 
Results and Discussion
337
Validation using field data from maize canopy
338
The RDM was validated against measurements from a field release of spores. The performance of all three models is compared in Table 2 . At /ℎ = 3.8, the
396
RDM performed similarly to the LES and better than the LSM. Note that the LES 397 performance declined with source height ( Table 2 ), and that the RDM performed better 
Conclusion
536
Forecasting infections from fungal disease can facilitate a reduction of fungicide 537 application while maintaining crop yield (Aylor, 1999 can predict escape fraction, because maximum particle escape, which was used to 547 define escape fraction, occurred in the far-field, that is after transport over several 
